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FOLDED CASCODE BANDGAP REFERENCE VOLTAGE CIRCUIT 

Bruce Rosenthal 

BACKGROUND OF THE INVENTION 
Field Of The Invention 

[0001] This invention relates generally to a bandgap reference 
voltage circuit and in particular to a bandgap reference voltage 
circuit having a modified Brokaw cell configuration with a folded 
casGode operational amplifier. This circuit, which can be 
advantageously implemented in CMOS technology, can provide 
optimal voltage regulation. 

Description Of The Related Art 

[0002] In general, a reference voltage is provided to maintain 
a baseline voltage level for an electronic circuit. Of 
importance, other voltages, power levels, and/or signals within 
the electronic circuit rely upon this baseline voltage level. _ 
Therefore, this reference voltage must be as consistent and as 
precise as possible, even when exposed to varying conditions 

(e.g. temperature) . 

[0003] One type of reference voltage circuit is a bandgap 
reference voltage circuit. "A bandgap reference voltage circuit 
is typically preferred over other reference voltage circuits 
because of its relative simplicity and elimination of zener 
diodes, which can generate undesirable noise. Of importance, a 
bandgap reference voltage circuit can generate a reference 
voltage commensurate with ever-decreasing system voltages. For 
example, a bandgap- reference voltage circuit can produce an 
output voltage that is approximately equal to the silicon bandgap 
voltage of 1.206 V with a zero temperature coefficient (TC) . 

[0004] Figure 1 illustrates a basic bandgap reference voltage 
circuit ICQ that can generate ' differing current densities between 
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matched transistors l02 and 104, thereby producing a AVbe across 
resistor 105. In one embodiment, resistors 101, 103, and 105 can 
have resistances of 600 Ohms, 6k Ohms, and 600 Ohms, 
respectively. Bandgap reference voltage circuit 10 0 sums the Vbe 
of transistor 106 with the amplified AVbe of transistors 102 and. 
104 to generate Vr. The components have opposite polarity TCs, 
i.e. AVbe is proportional-to-absolute- temperature (PTAT) , whereas 
Vbe is complementary-to-absolute (CTAT) . In this manner, the 
summed output Vr, when it is equal to 1.205 V (i.e. the silicon 
bandgap voltage) , the TC is effectively minimized. 
[0005] Unfortunately, bandgap reference voltage circuit 100 
suffers from load and current drive sensitivity. Moreover, 
reference voltage Vr needs accurate scaling to provide useful 
voltage levels (eJg.'2.5 V> 5.0.V, etc.). 

[0006] . Figure 2 illustrates a type of bandgap reference 
voltage circuit 200, which is commonly called a ''Brokaw cell". 
Brokaw cell 200 improves on bandgap reference voltage circuit 100 
by including an operational amplifier 207, which provides 
additional drive capability as well as convenient voltage 
scaling . - 

[0007] In this embodiment, Br6kaw cell 200 includes two 
emitter-scaled transistors 202 and 206 (which form the bandgap 
core) that operate at identical collector currents due to equal 
load resistors 201 and 205 and a closed loop associated with 
operational amplifier 207. Assuming a smaller Vbe of transistor 
202 (e.g. transistor 202 can have 8 x area of , transistor 206), 
resistor 203 in series with transistor 202 drops the Vbe voltage. 
Resistor 204, in turn, drops a PTAT voltage VI according to the 
following equation, wherein R204 and R203 refer to the 
resistances of resistors 204 and 203, respectively. 



VI = 2 X- (R204/R203) x AV, 
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[0008] Resistors 208 and 209 (e.g. laser- trimmed resistors) in 
combination with operational amplifier 207 can be used to scale 
voltage Vqut- The bandgap reference voltage Vz is generated at the 

base of transistor 206 by summing Vbe ^nd VI. 

[0009] Figure 3 illustrates a shunt mode reference voltage 
circuit 310, which functions similarly to bandgap reference 
voltage circuit 100. In circuit 310, like transistors 314 and 
321 can be operated at a current ratio of 5x, as determined by 
the ratio of resistances of resistor 320 to resistor 312. An 
operational amplifier can be formed by the differential pair 
r(i.e. transistors) 317 and 318, current mirror 316, resistors 315 
and 322, and drivers (i.e. transistors) 323 and 324. In closed 
loop ecjuilibrium, this operational amplifier maintains the bottom 
ends of resistors 312 and 320 at the same potential. In the 
configuration of circuit 310, AVbe is generated across resistor 
313, Vbe is formed across transistor 314, and VI is provided 
across transistors 311 and;312. The nominal bandgap refeirence 
voltage can be computed by summing Vbe and VI . 

[0010] Unfortunately, implementing bandgap reference voltage 
circuits 100 and 310 using bipolar technology may significantly 
decrease the amount of digital circuits that can be placed on the 
same integrated circuit (IC) . Specifically, a bipolar transistor 
has a parasitic collector to the substrate, which would otherwise 
interfere with CMOS device operation. Therefore, bipolar and 
CMOS devices must be isolated, if provided on the same IC,. to 
ensure functionality; . In another embodiment, separate ICs can be 
provided for bipolar and CMOS devices, thereby also undesirably 
increasing wafer production cost. 

[0011] In yet another embodiment, bandgap reference voltage 
circuits 100 and 310 can be manufactured using biCMOS technology. 
Unfortunately, using this technology can also effectively double 
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the cost of producing a wafer. Specifically, biCMOS technology 
requires the use of several additional layers in the IC, thereby 
increasing production costs and also reducing yield. 
[0012] Brokaw cell 200 (Figure 2) can be implemented in CMOS 
technology. Unfortunately, operational amplifier 207 derives its 
source voltage from the input voltage Vin- In this configuration, 
i.e. with its control terminal coupled to V™, any variation in 
input voltage. can also affect amplifier 207, thereby adversely 
affecting the stability of the bandgap reference voltage Vg. 
Specifically, even a few millivolts of offset introduced in 
operational amplifier 207 can result in an inability to 
accurately detect the voltage differential between its positive 
and negative input terminals . This detection problem, called 
power supply rejection (PSR) , can render Brokaw cell 200 
inapplicable for any system in which the input voltage may vary. 
Unfortunately, most systems have some variation in input voltage, 
either intentionally or unintentional ly^ 

[00131 Therefore, a need arises for a bandgap reference 
voltage circuit that- can be manufactured in CMOS technology while 
. preserving the accuracy of the bandgap reference voltage 
irrespective of input voltage variations. 

SUMMARY OF THE INVENTION 

[0014] . In accordance with one aspect of the invention, a 
bandgap reference voltage circuit can advantageously maximize 
performance, i.e. provide a stable output voltage as a function 
of input supply voltage and/or temperature. The bandgap 
reference voltage circuit can include a modified Brokaw cell and 
a cascode amplifier. The modified Brokaw cell can include two 
transistors, each transistor including a base, an emitter, and a 
collector. The collectors of the transistors can be folded into 
_ .input terminals of the cascod^ amplifier, thereby providing an 
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extremely compact circuit implementation. In one embodiment, the 
Brokaw cell can include two lateral PNP (LPNP) transistors, 
thereby allowing manufacturing of the bandgap reference voltage 
circuit with standard CMOS technology. 

[0015] Of importance, the source voltage to the cascode 
amplifier can be advantageously tied to the output of the bandgap 
reference voltage circuit. That is, the cascode amplifier can 
operate using the bandgap reference voltage (i.e. 1.2 V). By 
using this source voltage, which is ensured to be stable, the 
cascode amplifier will remain unaffected by any variation in the 
input voltage. 

[0016] The bandgap reference voltage circuit can also include 
a stabilizing device for providing loop stability to the cascode 
amplifier. In one embodiment, the stabilizing device can include 
a transistor configured with its source, drain, and substrate 
coupled to an input voltage source and its gate coupled to the 
cascode amplifier. In another embodiment, the stabilizing device 
can include a capacitive device having one terminal coupled to an 
input voltage source and another terminal coupled to the cascode 
amplifier. The bandgap reference voltage circuit can further 
include a shunt device coupled to receive an output of the 
cascode amplifier. The shunt device can generate a regulated 
output of the bandgap reference voltage circuit. 
[0017] In one embodiment, the cascode amplifier can include 
first, second, . third, and fourth NMOS transistors. A drain of 
the first NMOS transistor can be connected to a source of the 
third NMOS. transistor and to a first input terminal of the 
cascode amplifier, a drain of the second NMOS transistor can be 
connected to a source of the fourth NMOS transistor and a second 
input terminal of the folded cascode amplifier, and sources of 
the f it-st and second NMOS transistors can be connected to a low 
voltage source VSS . The substrates of the first, second, third, 
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and fourth NMOS transistors can be connected to VSS . The gates 
of the first, second, third, and fourth NMOS transistors and a 
drain of the third NMOS transistor can be connected to a common 
node, which is connected to the bias current source. A drain of 
the fourth NMOS transistor can be connected to an output terminal 
of the folded cascode amplifier. 

[0018] The cascode amplifier can further include a bias 
current circuit coupled in operative relation to a regulated 
voltage source and the Brokaw cell. The bias current circuit can 
include first, second,, and third PMOS transistors and a resistor. 
In one embodiment, the substrates and sources of the first, 
second, and third PMOS transistors can be connected to the 
regulated voltage source, the resistor can be connected between 
VSS and the gates of the first, second, and third PMOS 
transistors. The drain of the first PMOS transistor can be 
connected to ' the resistor, a drain of the second PMOS transistor 
can be connected to the common .node, and a drain of the third 
PMOS transistor can be connected to. the output terminal of the 
cascode amplifier. 

[0019] In accordance with one aspect of the invention, the 
bandgap reference voltage circuit, which is a three -terminal 
circuit, can be considered a shunt regulator, i.e. a two-terminal 
circuit, with another terminal added via one .of . a resistor or 
current source ... 

BRIEF DESCRIPTION OF THE FIGURES 

[0020] Figure! illustrates a simple bandgap reference voltage 
circuit. 

[0021] Figure 2 illustrates another known bandgap reference 
voltage circuit called a Brokaw cell. 

[0022] Figure 3 illustrates a known shunt type bandgap 
reference voltage circuit. 

6 

> 



AME-006 ^ PATENT 

[0023] Figure 4 illustrates one embodiment of a bandgap 
reference voltage circuit that can be manufactured in CMOS 
technology while preserving the accuracy of the bandgap reference 
voltage. 

[0024] Figure 5 illustrates exemplary operation of the folded 
cascode bandgap reference circuit shown in Figure 4. 

[0025] Figure 6 illustrates another embodiment of a bandgap 
reference voltage circuit that can be manufactured in CMOS 
technology while preserving tlie accuracy of the. bandgap reference 
voltage; 

[0026] "Figure 7A illustrates a circuit diagram of an exemplary 
LPNP implemented using a .standard CMOS process. 

[0027] Figure 7B illustrates an exemplary cross section of. the 
LPNP transistor of Figure 7 A implemented in silicon. 
[0028] Figure 8 illustrates a bandgap reference yoltage ~^ 
circuit that includes components identical to those in the 
bandgap refesrence voltage circuit shown in Figure 6 . In this 
embodiment, the cascode amplifier can be powered by voltage 
source Vin, 

[0029]; Figure 9 illustrates a bandgap reference voltage • 
circuit including a Brokaw cell implemented with LNPN 
transistors. 

DETAILED DESCRIPTION OF THE FIGURES 

[0030] Figure 4 illustrates a bandgap reference voltage; 
circuit 400. that can preserve the accuracy of the bandgap 
reference voltage irrespective of input voltage and temperature 
variations. In bandgap reference voltage circuit 40.0, an LPNP 
(lateral PNP) transistor 401, an LPNP transistor 402, a resistor 
403, and a resistor 404 form a modified Brol^aw cell 420- In this 
embodiment, the emitter of LPNP transistor 401 is connected 
resistor 404, the emitter of LPNP transistor 402 is connected to 
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node 450, which is located between resistors 403 and 404, and 
resistor 403 is further connected to the output of bandgap 
reference voltage circuit 400, i.e. line 417. 

[0031] In this embodiment, the bases of LPNP transistors 401 
and 402 are connected to the substrates of NMOS transistor 408, 
409, 411, and 412 (in this case, low voltage . source VSS) , whereas 
the collectors of LPNP transistors 401 and 402 are connected to 
the drains of NMOS transistors 409 and 412, respectively. Of 
importance, the collectors of PNP transistors 401 and 402 
respectively are '"folded" in such a way to form the negative 
(INN) and the positive (INP) input" terminals, of a cascode 
amplifier 430. As described in reference to Figures 7A and 7B, 
LPNP transistors 401 and 402 can be advantageously implemented in 
CMOS technology. 

[0032] In this embodiment, cascode amplifier 430 can include 
four NMOS transistors 408, 409, 411, and 412, three PMOS 
transistors 405, 407, and 410, and a. resistor 406/ In the 
configuration shown, PMOS transistors 407 and 410 form matching 
current sources for cascode amplifier 430. In another 
embodiment, PMOS transistprs 407 and 410 could be replaced by 
matching resistors or . other . appropriate devices to provide the 
desired functionality. PMOS transistor 405 in combination with , 
resistor 4 06 can provide a bias to the current sources formed by 
PMOS transistors 407 and 410. 

[0033] Of importance, the source voltage to cascode amplifier 
430 (referring to the substrates of PMOS transistors 407 ''and 410) 
can be advantageously tied to the output of bandgap reference 
;voltage circuit 400, i.e. line 417. That is, cascode amplifier 
can operate using the bandgap reference voltage VBG (i.e. 1.2 V). 
By using this source voltage, which is ensured to be stable, 
cascode amplifier 430 will remain- unaffected by any variation in 
the input voltagis Vin. 
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[0034] In this embodiment, the gates of NMOS transistors 408, . 
409, 411, and 412 are commonly coupled to the drain of NMOS 
transistor 408. Moreover, the sources of NMOS transistors 409 
and 412 are connected to voltage source VSSA (e.g. ground) . In 
this configuration, NMOS transistors 409 and 412 can provide 
active pull-down loads for cascode amplifier 430. Thus, in one 
embodiment, resistors could replace NMOS transistors 409 and 412. 
In yet another embodiment, the gates of NMOS transistors 409 and 
412 could be tied to a DC biasing point. 

[0035] Note that other embodiments of a cascode amplifier 
could be used in combination with modified Brokaw cell 420. 
Other exemplary folded cascode athplif iers are described in, for 
example, . pages 421-423 of ''CMOS Analog Circuit Design", authored 
by Phillip E. Allen and Douglas R. Holberg, andj published in 1987 
by Holt, Rinehart and Winston. However, cascode amplifier 420 
provides a particularly compact embodiment that can still ensure 
optimal amplifier performance. 

[0036] To provide loop stability to. cascode amplifier 430, an 
NMOS transistor 413 can be configured with its source, drain, and 
substrate coupled to voltage Vin (via resistor 418) . In this 
configuration, NMOS transistor 413 can function as a capacitor. 
Note that other embodiments could include other elements and/or 
circuits for . providing this stabilizing function.- For example, 
in one embodiment, an actual capacitor could replace NMOS 
transistor 413, wherein the two plates of the capacitor could be 
formed with two polysilicon layers (or alternatively one 
polysilicon layer and a heavily doped diffusion) and an 
intermediate dielectric layer. 

[0037] The configuration of NMOS transistor 413 as a capacitor 
can advantageously be formed using a standard CMOS technology. 
Specifically, NMOS transistor 413 can include an N- well 
(typically used as a substrate) and one polysilicon layer 
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(typically used for a gate). However, instead of having two P- 
type doped regions (typically used for a drain and a source), 
NMOS transistor 413 could include two N+ regions. In this 
configuration, the N- well and the polysilicon layer can form the 
two plates of the capacitor. Therefore, NMOS. transistor 413 can 
provide capacitor functionality at a fraction of the cost of a 
standard capacitor. 

[0038] In accordance with one feature of the invention, a 
large voltage gain, defined by the voltage at node 415 divided by 
the voltage at node 416 (i.e. voltage @ 415 / voltage @ 416), can 
be obtained by optimizing device sizes of NMOS transistors 408, 
409, 411, and 412. For example, in one embodiment , NMOS 
transistors 4 09 and 412 can be made stronger than NMOS 
transistors 408 and 411. In one specific implementation, NMOS 
transistors 408 and 411 can be made with a width of 20 microns 
and a length of 2 0 microns, whereas NMOS transistors 4 09 and 412 
can be made with a width of 20 microns and a length of 10 
microns.. This implementation advantageously keeps the potential 
of . INN and-INP relatively close to voltage source VSSA, yet 
provides a voltage gain of 1000. 

[0039] The output of cascode amplifier 430, i.e. the voltage 
at node 415, can drive an NMOS transistor 414 having its source 
connected to voltage source VSSA as well as its substrate. In 

this, configuration, NMOS transistor 414 can act as a shunt device 
to prevent the voltage on line 417, i.e. the output of bandgap 
reference voltage circuit 400, from rising above the bandgap 
reference voltage. 

[0040] Figure 5 illustrates a graph 500 including various 
curves that show an exemplary operation of a bandgap reference 
voltage circuit, (e.g. bandgap reference voltage circuit 400 of 
Figure 4) . For example, curve 501 shows an exemplary power 
supply to the bandgap reference voltage circuit, which increases 
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from 0 V to 3.0 V in approximately 0.3 ms . Curve 502 shows the- 
output voltage of the bandgap reference voltage circuit. In this 
embodiment of the bandgap reference voltage circuit, after a 
settling time for the cascode amplifier of approximately 0.4 ms, 
the output voltage becomes constant at 1.25 V. 

[0041] Referring back to Figure 4, bandgap reference voltage 
circuit 4.00 can advantageously run at a very low current (e.g. 5 
(xA or less) and start up at a very low voltage (e.g. less than 1.5 
V) , which is particularly desirable in battery applications. 
Because the charging current is low, the voltage at node 415 
takes approximately 0.4 ms before it is sufficiently high to turn 
on NMOS transistor 314. Thus, as shown by curve 502 in Figure 5, 
the output voltage on line 417 irregularly increases and 
momentarily spikes to 1.45 V immediately before NMOS transistor 
414 turns on. After NMOS transistor 314 turns on, the output 
voltage on line 417 is pulled down to its desired regulated 
voltage of 1.25 V. 

[0042] . Curve 503 in Figure 5 shows the voltage on node 416 
(Figure 4) , which corresponds to the voltage on the positive 
input terminal of cascode amplifier 330. In this embodiment, the 
voltage on node 416 quickly increases from 0 V to approximately 
0.5V and then maintains this voltage until NMOS transistor 414 
is turned on. At this point, as shown by curve 503 in Figure 5, . 
the voltage on node 416 drops to approximately 0,1V, which is 
its regulated voltage. 

[0043] In this embodiment, curves 502 and 503 were generated 
under temperature conditions of 27° C and an input voltage ramp of 
3.0 V. However, in accordance with one feature of the invention,^ 
the bandgap reference voltage circuit could be advantageously run 
with different temperatures and input voltages while 
substantially preserving the regulated voltage response 
demonstrated by curves and 503. 
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[0044] Figure 6 illustrates another bandgap reference voltage 
circuit 600 that can be manufactured in CMOS technology while 
preserving the accuracy of the bandgap reference voltage. In 
this embodiment, NMOS transistor 414 can be replaced with a PMOS 
transistor 601 and the positive and negatiye ■ input terminals of 
cascode amplifier 430 are reversed. That is, the collector of 
LPNP transistor 401 is now connected to the positive (INP) input 
terminal and the collector of LPNP transistor 4 02 is now 
connected to the negative (INN) input terminal. 
[0045] This configuration maintains the same overall 
polarity/phase in the feedback loop as bandgap reference voltage 
circuit 400. That is, if the output voltage of the bandgap 
reference voltage circuit increases (or decreases) , then the 
shunt device and the feedback loop (e.g. line 417) should ensure 
that the modified Brokaw cell and. the cascode amplifier pull, that 
voltage down (or up) to maintain the bandgap voltage. 
[0046] Note that NMOS transistor . 413 can be replaced with an 
NMOS transistor 602, which is also configured as. a capacitor in 
bandgap reference voltage circuit 600. However, to ensure the. 
appropriate polarity/phase, the gate of NMOS transistor 602 is 
connected to the drain of PMOS transistor 4 07. 

[0047] Although Brokaw cell 420 and cascode amplifier 430 are 
shown separately for clarity, these circuits can be merged into a 
configuration including a cascode amplifier. Therefore, the 
configuration of bandgap reference voltage circuits 400/600 can 
be thought of as a Brokaw cell that includes a folded cascode 
amplifier (instead of an operational amplifier) as well as an 
output shunt device. Of importance, bandgap reference voltage 
circuits 400/600 can be implemented in CMOS technology (described 
in reference to Figures 7A and 7B) . 

LPNP Transistors: CMOS Implementation 
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[0048] In accordance with one feature of the invention, the 
LPNP transistors can be advantageously implemented in CMOS 
technology. Figure 7A illustrates a circuit diagram of an 
exemplary LPNP transistor 700 implemented using a standard CMOS 
process. In general, LPNP transistor ' 700 includes a base B, an 
emitter E, a vertical collector CV, a lateral collector CL, and a 
gate G. Specifically, LPNP transistor 700 includes a PNP 
transistor 701 and a parasitic PMOS tranteistor 702. 
[0049] In this embodiment, the substrate of parasitic PMOS 
transistor 702 is coupled to the base B of PNP transistor 701. 
Note that the emitter E and lateral collector CL of PNP 
transistor 701 are effectively merged into the source S and drain 
D of parasitic PMOS transistor 702. . 

[0050] In LPNP transistor 700, the lateral collector CL forms 
an input terminal (i.e. INN or INP) to the folded cascode 
amplifier, whereas the vertical collector CV is connected to 
ground. Note that the base B of PNP transistor 701, in addition 
to being connected to the substrate of PMOS transistor 702,, is 
also coupled to voltage source VSSA (and thus to the substrates 
of the NMOS transistors in the folded cascode amplifier (e.g. 
NMOS transistors 408, 409, 411, and 412 of Figures 4 and 6).. 
Figure 7B illustrates a cross section of LPNP transistor 700 
implemented in silicon. 

[0051] In accordance with one feature of the invention, the 
performance of the vertical PNP device should be different than 
the performance of the lateral PNP device. To create this 
performance difference, the width of the base B associated with 
the lateral collector CL (lateral width 704) is minimized 
relative to the width of the base B associated with the vertical 
collector CV (vertical width 703) . Of importance, vertical width 
703 is determined by the fabrication facility making the chip. 
However, lateral width 704, which corresponds to width of the 
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gate G, can be reduced by design specif ication to obtain the 
appropriate ratio. In one embodiment, vertical . width 703 is 
approximately 2 |li whereas the lateral (and gate) width 704 can be 

.reduced to approximately 0 . 6 \x or less (depending on breakdown - 
voltage) . 

[0052] Moreover, to minimize the effect of parasitic PMOS 
transistor 702 (although optimally eliminated, this parasitic 
transistor necessarily exists), its gate can be coupled to line 
417 (Figures 4 and 6) , which is the highest positive potential in 
the bandgap reference circuit (note that line 417 is coupled to 
VIN via transistor 418) . In this manner, the parasitic PMOS 
transistors are ensured to be non-conducting. 

[0053] In one embodiment, LPNP transistor 401 can be sized 
relative to LPNP 402 in a ratio of 8:1. This sizing can. create a 
delta Vbe (AVbe) • This AVbe can be multiplied up by the ratio of 
resistors 403 and 404. For ex;ample, in one embodiment in which 
resistor 403 has 5x the resistance of resistor 404, resistor 403 
.would have an associated 10 x AVbe (i.e. twice the current, as 
indicated by the arrows at node 450 in Figure 4, and thus lOx the 
voltage delta) . 

[0054] Although illustrative embodiments of the invention have 
been described in detail herein with reference to the figures, it 
is .'to be understood that the invention is not limited to those 
precise embodiments. They are not intended to be exhaustive, or 
to limit the invention to the precise forms disclosed. As such, 
many modifications and variations will be apparent. 

[0055] For example, any amplifier able to operate with^a 
. source voltage equal to the bandgap voltage can be used instead 
of the cascode amplifier described herein. Indeed, even a 
bandgap reference voltage circuit having an amplifier not sourced 
by the bandgap voltage can provide advantages compared to a 
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standard bandgap reference voltage circuit. Figure 8 illustrates 
a bandgap reference voltage circuit 800 that includes components 
identical to those in bandgap reference voltage circuit 600. In 
this embodiment, cascode amplifier 43 0 receives a power source 
Vin. Bandgap reference voltage circuit 800, although subject to 
input voltage variations, is implemented in a very compact 
manner, thereby providing size advantages compared to standard 
Brokaw cells . ' . 

[0056] In other embodiments, the bandgap reference voltage 
circuit can include a Brokaw cell implemented with LNPN 
transistors. Note that this embodiment would include an N-type 
substrate (in contrast to the N- substrate used in bandgap 
reference voltage circuits 400/600) . In this embodiment, shown 
in Figure 9, the P-type transistors of bandgap reference voltage 
circuits 400/600 could be replaced with N-type transistors. , 
Similarly, the N-type transistors bandgap reference voltage 
circuits 400/6.00 could be replaced with P-type transistors. 
Moreover, in this embodiment, the VSSA rail would become the Viri 
rail and vice versa. Note that in this embodiment, the vertical 
collectors of the LNPN transistors would be coupled to Vin. 
Therefore, as Vin changes, the parasitic transistors could affect 
the lateral (i.e. the primary) transistors, thereby potentially 
affecting the voltage balance reached by Using transistors 
401/402 . . 

^[0057] Note that . if mixed technology can be used, e.g. bi-CMOS 
etc., or if portions of the circuit can be implemented with 
discrete components, then the LPNP transistors (or the LNPN) 
transistors could be replaced with standard bipolar PNP (or NPN) 
transistors. In this embodiment, the merged configuration of the 
modified Brokaw cell and the. cascode amplifier can still provide 
a reduced circuit size compared to standard Brokaw cells. In yet 
other embodiments using advanced process technology, the lateral 

15 . 



AME-006 



PATENT 



transistors described above could be replaced by vertical 
transistors, thereby achieving the performance advantages 
described in refeirence to bandgap reference voltage circuits 
400/600. 

[0058] Of importance, bandgap reference voltage circuits . 
400/600, which are three- terminal circuits, can be considered as 
shunt regulators, i.e. two- terminal circuits, with another 
terminal added via resistor 418 (or alternatively a current 
source, which is riot shown) . 

[0059] In other embodiments, resistor 418 (Figures 4 and 6) 
can be replaced with a current source to increase performance, 
although with an associated increase in cost. Accordingly, it is 
intended^' that the scope of the invention be defined by the 
following Claims and their equivalents. 
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